We propose and demonstrate a novel sensor by using a single-fiber Bragg grating that can simultaneously measure strain and temperature with the aid of an erbium-doped fiber amplifier. By using a linear variation in the amplified spontaneous emission power of the erbium-doped fiber amplifier with temperature, we determine the temperature. By subtracting the temperature effect from the fiber Bragg grating Bragg wavelength shift, we determine the strain. Experiments show rms deviations of 18.2 ε and 0.7°C for strain and temperature, respectively.
Introduction
Fiber Bragg gratings ͑FBG's͒ have aroused much interest in a variety of areas such as optical communications and fiber sensors. 1, 2 Because the FBG's offer significant advantages, such as electromagnetic noise immunity, high sensitivity, compactness, and simplicity in fabrication, they have been studied for sensors in measuring strain, temperature, and other physical quantities by detecting the shift in the Bragg wavelength. But, in general, the Bragg wavelength shift in a FBG comes from two effects, i.e., strain and temperature, and hence, when only the wavelength shift is measured, the effects of both parameters are hardly distinguishable. Many works to discriminate these parameters have been carried out, 3, 4 among which are the approaches for which hybrid FBG͞long-period grating 5 ͑LPG͒ and a single LPG are used. 6 The hybrid FBG͞LPG sensor consists of two FBG's and an LPG in which the mode-coupling wavelength of the LPG lies between the Bragg wavelengths of the FBG's. The strain and the temperature are determined by the different responses of the FBG and the LPG to the two parameters. However, in this sensor scheme the temperature-sensing range is limited because a large wavelength shift of the LPG causes overlapping in the coupling wavelengths of the FBG and the LPG. Also, an additional device for the estimation of the resonant wavelengths is necessary in the method in which a single LPG is used. In this paper we propose and demonstrate a novel fiber sensor capable of simultaneous measurement of strain and temperature with a single FBG and an erbium-doped fiber ͑EDF͒ amplifier ͑EDFA͒. The amplified spontaneous emission ͑ASE͒ power of an EDFA varies almost linearly with temperature within a considerable range. 7 By virtue of this characteristic, we measure temperature within relative intensity noise. We perform the strain measurement by monitoring the transmission dip shift of the FBG and subtracting the temperature effect from it.
Simultaneous Measurement of Both Strain and Temperature
Recently it has been reported that the small signal gain G͑T͒ of an EDFA is a linearly varying function of temperature over a specific signal bandwidth, and a 1480-nm pumped EDFA shows more temperature dependency compared with a 980-nm pumped EDFA. 7 Thus, the ASE power P ASE of an EDF also has a linear dependency on temperature that is due to the relation P ASE ϭ n sp h⌬͓G͑T͒ Ϫ 1͔, where n sp is the spontaneous emission factor, h is Planck's constant, is the frequency of the light, and ⌬ is the bandwidth of the ASE. If we use an EDFA and a FBG simul-taneously, strain ε and temperature change ⌬T can be determined by the following equations:
where ⌬P is the change in transmitted power through the FBG, A is the temperature coefficient of the EDFA, and B and C are the strain and the temperature coefficients of the FBG, respectively. Figure 1 shows the experimental setup for our test.
Experiment and Discussion
To apply strain to the FBG, we used adhesive to fix both ends of the FBG at translation stages. To heat the FBG, we used a thermal chamber between the stages holding the FBG. The EDF was also enclosed in the chamber so that it experienced the same temperature as that of the FBG. We used the ASE power of EDFA, and no other light source was necessary. The ASE of the EDFA passed through the FBG, and the transmission spectrum was monitored by an optical spectrum analyzer, as shown in the experimental configuration. The 8-mm-long FBG was written onto a germanium-doped fiber ͑QPS, Inc.͒ at ϭ 1549.4 nm, and a 7-m-long EDF was used in an open loop. The EDF was located close to the FBG so that they experienced the same temperature. The pump power was 13 dBm, and it was retained during the measurement. We first measured the temperature coefficient A by heating the sensor in the chamber from 45 to 150°C under zero axial strain. We performed the measurement by monitoring transmitted power variation. The value of A was estimated as Ϫ0.04249 dBm͞°C in the temperature range. Figure 2 shows the overall transmitted spectrum for temperatures of 60, 90, 120, and 150°C. The transmission dip induced by the FBG was 5 dB, which was enough to test the validity of our idea. The transmitted power decreases almost linearly with temperature, and therefore the wavelength shift along dashed line a in Fig. 2 comes from the temperature change, while the shift of the transmission dip off this line results from strain applied to the FBG. For example, if strain is applied at a fixed temperature of 120°C, the dip moves along In the measurement, we measured strain and temperature simultaneously by measuring transmitted power and wavelength shift as the FBG and the EDF were heated up to 150°C while the strain was randomly applied to the FBG. The rms deviation of measured strain and temperature were 18.2 ε and 0.7°C over ranges of 0 -1200 ε and 45-150°C, respectively. dashed line b in Fig. 2 . In this way, we determine strain and temperature simultaneously by measuring the transmitted power and the wavelength shift. The power of the ASE fluctuated within Ϯ0.01 dB, and measurement performance of the sensor was limited by the accuracy of Ϯ0.24°C and Ϯ2.3 ε. Figure 3 shows the comparison between measured parameters and those applied: temperature in Fig.  3͑a͒ and strain in Fig. 3͑b͒ . To test the capability of the sensor in simultaneous measurement, we heated it up to 150°C while the strain was randomly applied in the range 0 -1200 ε. The rms deviations of strain and temperature were 18.2 ε and 0.7°C over ranges of 0 -1200 ε and 45-150°C, respectively. The sensing ranges can be further extended. Dynamic measurement could be possible by adoption of a power-detecting scheme and an unbalanced MachZehnder interferometer scheme instead of the optical spectrum analyzer. One may enhance the temperature resolution of this sensor by increasing pump power and hence improve the accuracy of the overall system since the ASE power of a 1480-nm pumped EDFA varies more rapidly with temperature at a larger pump power.
Conclusion
We have demonstrated a novel sensor by using a single FBG and an EDFA, which can simultaneously measure temperature and strain by measuring transmitted power and wavelength shift. The experimental results show that this sensor operates over wide measurement ranges for dynamic strain and temperature with high accuracy. This sensor scheme is adoptable where it is easy to attach the FBG and the EDF, e.g., the beams of bridges, the outside of a building, and so on. One might be able to detect the damages or cracks by placing this sensor at critical and high stress positions if both ends of the FBG are fixed to the structures and the EDF is attached around it. The narrow bandwidth of the FBG can also permit the multiplexing sensing of strain and temperature: The former can be done by FBG's with different Bragg wavelengths and the latter by EDF's with different lengths or different pumping powers. The referencing of the ASE power might be required for better reliability.
